This report characterizes the neurobiology of the ocular surface and highlights relevant mechanisms that may underpin contact lens-related discomfort. While there is limited evidence for the mechanisms involved in contact lens-related discomfort, neurobiological mechanisms in dry eye disease, the inflammatory pathway, the effect of hyperosmolarity on ocular surface nociceptors, and subsequent sensory processing of ocular pain and discomfort have been at least partly elucidated and are presented herein to provide insight in this new arena. The stimulus to the ocular surface from a contact lens is likely to be complex and multifactorial, including components of osmolarity, solution effects, desiccation, thermal effects, inflammation, friction, and mechanical stimulation. Sensory input will arise from stimulation of the lid margin, palpebral and bulbar conjunctiva, and the cornea.
OCULAR SURFACE NEUROBIOLOGY
Anatomy and Morphology C ontact lenses interact directly with the ocular surface and contiguous areas of the upper and lower eyelids during lens wear. All of these areas are densely innervated by sensory fibers of the trigeminal nerve. Of these, the cornea is the most richly innervated of all ocular structures and the most densely innervated surface epithelium in the human body, while the conjunctiva and eyelid margins receive more modest innervations.
Origins of Corneal Sensory Nerves. Corneal sensory nerves originate from relatively modest numbers of neurons, numbering no more than several hundred, in the ophthalmic and maxillary regions of the trigeminal ganglion (TG). 1 The nerves to the cornea and adjacent areas of the bulbar conjunctiva reach the eye by traveling first in the nasociliary branch of the ophthalmic nerve, then via two long ciliary nerves and a communicating branch to the ciliary ganglion. While in transit, the fibers branch and anastomose repeatedly to give rise to multiple nerve bundles that approach the anterior segment at equidistant intervals around the limbal circumference. Sensory fibers exit the anterior portion of the plexus to supply the cornea and limbal conjunctiva, while additional fibers exit the posterior part of the plexus to supply the iris and ciliary body. The inferior cornea in a small number of individuals may also receive minor sensory inputs from branches of the maxillary division of the trigeminal nerve. 2, 3 Corneal Innervation: Stromal Nerves. Nerve fibers ( Fig.  1 ) enter the human cornea from the limbus in 60 to 80 prominent, evenly spaced, radially directed, midstromal nerve bundles. [4] [5] [6] [7] A variable number of smaller fascicles enter and ramify within the peripheral cornea in a more superficial plane. At their point of entry, approximately 70% to 80% of the nerves are unmyelinated (C fibers); the remainder are finely myelinated (A-d) fibers that shed their myelin sheaths within a millimeter or so after entering the cornea. 8, 9 Some nerves terminate in the stroma as free nerve endings, 7 while others form intimate anatomical relationships with stromal keratocytes that suggest possible reciprocal functional interactions. 10 Corneal Innervation: Epithelial Nerves. Approximately 200 to 500 stromal nerve fibers penetrate Bowman's layer, mainly in the peripheral and intermediate cornea, to supply the human corneal epithelium 7, 10, 11 ; the peripheral epithelium also receives additional input from nerves that enter the corneal epithelium directly from the limbal plexus (Fig. 1) . Subbasal nerve fibers (SNFs) (Fig. 2 ) appear by confocal microscopy and transmitted light microscopy as single nerve fibers of variable diameter; however, in reality each SNF consists, at the electron microscopic level, of up to 40 individual unmyelinated axons (Fig. 2b) . 11 After entering the epithelium, the axons shed their Schwann cell investments and continue as naked axon cylinders. Individual SNFs in human corneas course horizontally, roughly parallel to one another and to the ocular surface, for distances of up to 6 to 8 mm. 7 Subbasal nerves in adjacent leashes, especially in the central and intermediate corneal zones, anastomose with one another extensively via short connecting axons to produce a dense, mesh-like subbasal nerve plexus (Fig. 1c) . The human subbasal nerve plexus has a highly distinctive appearance and a measurable density; thus, alterations in SNF density or morphology, such as occurs in dry eye, diabetes, keratoconus, herpes simplex virus infection, normal aging, and following refractive surgeries, can be monitored quantitatively and qualitatively by in vivo confocal microscopy (discussed in more detail below) to assess temporal changes in innervation status. 12, 13 Each SNF gives rise to numerous intraepithelial terminals. The terminals distribute throughout all layers of the corneal epithelium and are most dense in the basal and wing cell layers; however, occasional terminals may extend to within a few micrometers of the ocular surface 14 (Fig. 2c ). The terminus of each intraepithelial fiber is tipped by a slightly bulbous free nerve ending. At the ultrastructural level, these expansions resemble nociceptor nerve endings described in other tissues. 15 The anatomical associations formed between nerve terminals and surrounding epithelial cells do not constitute true synapses; however, the intimate nature of these contacts may permit bidirectional, receptor-mediated interactions. 16 The innervation density of the human central corneal epithelium is difficult to calculate but has been estimated at approximately 7000 nerve terminals per square millimeter. 17 Corneal sensitivity 18 and nerve terminal density 19 are highest in the central cornea and decrease progressively when moving peripherally. The richness of this innervation, coupled with the absence of a keratinized surface epithelium and the proximity of the nerve terminals to the ocular surface, provides a nociceptive detection system of unparalleled sensitivity. It has been hypothesized that injuries to single epithelial cells may be sufficient to trigger pain perceptions. 9 Corneal Nerve Neurochemistry. Corneal sensory nerves are phenotypically diverse and express one or more of six different neuropeptides (see the reviews by Marfurt 20, 21 and by Müller and colleagues 17 ). Calcitonin gene-related peptide (CGRP) and substance P (SP) are expressed in approximately 40% to 60% and 10% to 20%, respectively, of mammalian corneal sensory nerves and are the only sensory neuropeptides identified to date in human corneas. Other neuropeptides expressed in more limited numbers of corneal sensory nerves include neurokinin A (a member of the tachykinin family) secretoneurin (a member of the chromogranin/secretogranin family), pituitary adenylate cyclase-activating peptide (a member of the vasoactive intestinal peptide-glucagon-secretin superfamily), and galanin. The extent to which these peptides coexist with CGRP and/or SP, or represent phenotypically distinct populations of corneal sensory nerves, remains unknown. Still other corneal sensory nerves are apparently ''nonpeptidergic'' and may utilize excitatory amino acids such as glutamate. 22, 23 Substance P, and perhaps CGRP, promotes corneal epithelial maintenance and physiological renewal by activating cellular pathways that stimulate epithelial cell proliferation, migration, adhesion, and differentiation. Topical application of insulin-like growth factor 1 and SP 24 or SP and epidermal growth factor 25 accelerates corneal epithelial wound healing in experimental animal models and in clinical patients with persistent corneal epithelial defects. 26 In marked contrast, little or nothing is known of the physiological effects of other corneal neuropeptides.
Innervation of the Conjunctiva and Eyelid Margin.
Compared with corneal sensory nerves, less is known of the morphology and neurochemistry of the conjunctival sensory nerves. Much of what is known is derived from work performed in animal models, including primates. Anatomically, the conjunctiva is divided into three major divisions. The bulbar conjunctiva covers the sclera of the anterior globe, the fornical conjunctiva lines the fornices, and the palpebral or tarsal conjunctiva lines the eyelids. Sensory innervation of the bulbar conjunctiva, palpebral conjunctiva, and eyelid margin is supplied by branches of the supratrochlear, supraorbital, infratrochlear, and lacrimal nerves (all branches of the ophthalmic nerve) and the infraorbital nerve (a branch of the maxillary nerve). 27, 28 The conjunctival sensory innervation consists mainly of unmyelinated, but also some finely myelinated, axons that terminate as unencapsulated free nerve endings in the stroma, along the surfaces of blood vessels and in the epithelium. [29] [30] [31] Many of the sensory nerves contain CGRP or SP. [32] [33] [34] Small numbers of bulbar conjunctival fibers in humans originate from large-diameter, heavily myelinated axons that terminate as Krause corpuscles or other complex encapsulated nerve endings. Krause corpuscles are found in all areas of the human bulbar conjunctiva but are most dense in a 1.0-mm-wide annular zone located just outside the limbus. 35 The function of the latter corpuscles remains debated, but they are probably rapidly adapting touch receptors. The extent to which conjunctival and corneal sensory nerves represent separate or collateral branches of the same ocular neuron is uncertain.
In contrast to work in the cornea, morphological estimates of conjunctival nerve density are not readily available; alternatively, conjunctival sensitivity has been measured by using a Cochet-Bonnet or Belmonte esthesiometer. The results of several studies [36] [37] [38] [39] [40] [41] have shown that touch sensitivity of the conjunctiva is considerably less than that of the cornea, although this difference is apparently less pronounced when tested with a cooling stimulus compared with a tactile stimulus. 42, 43 Mechanical sensitivity is much higher in the limbal conjunctiva than in the tarsal and bulbar conjunctiva. 37, 44, 45 Sensitivity of the tarsal conjunctiva has been especially difficult to evaluate due to technical issues but is estimated to be about half as sensitive as the lid margin. 45 The sensitivities of the inferior and temporal bulbar conjunctiva to tactile and chemical stimulation have been estimated to be about 1.6 to 1.7 times lower than that of the corneal apex. 40, 43 Regional differences (i.e., temporal versus inferior) in bulbar conjunctival sensitivity to mechanical stimulation have been reported by several investigators. 36, 37, 44, 46 Conjunctival sensitivity, 37, 40, 46 similar to corneal sensitivity, 18, 47 decreases progressively as a function of age, although an increase in sensitivity with age has also been reported when a pneumatic stimulus is used. 41 Innervation of the Eyelid. The eyelid margin, in addition to the cornea, is a key contact zone between the contact lens and the ocular surface. A relationship between ocular discomfort due to contact lens wear and lid margin sensitivity has been known since the early days of contact lens practice. 48 Tactile sensitivity at the eyelid margin is surprisingly high 37, 45, 49, 50 ; although lower than that of the central cornea, it is distinctly higher than that of the conjunctiva. Differences among studies may reflect interindividual variations in eyelid sensitivity, 45 technical challenges associated with careful sampling of these areas, 51 and disparities in the exact regions of the ''lid margin'' that were investigated. Recent histological investigations have divided the human eyelid margin into three subzones 52 that were insufficiently defined and unknown to earlier researchers. Systematic studies of eyelid touch sensitivity that take into consideration these zonal distinctions remain to be performed; however, McGowan and colleagues 45 in a study of upper and lower human eyelid sensitivity in 30 subjects observed that the ''marginal angle,'' which represents exactly the anterior part of the zone now known as the lid wiper, had a significantly higher sensitivity than the occlusal surface of the free lid margin. Several investigators have reported that sensitivity in the lower lid margin is significantly greater than that in the upper lid. 45, 51 However, it should be cautioned that the necessity of everting the upper lid margin before testing with an esthesiometer may adversely affect sensitivity measurements of this structure. The issue warrants additional investigation because it has been speculated that symptoms of contact lens discomfort (CLD) may originate, in part, from movement of the sensitive lid wiper area of the upper and lower eyelid across the contact lens. 53, 54 The robust literature on ocular surface innervation contains, surprisingly, only a single morphological investigation of the sensory innervation of the human eyelid margin. 29 This study revealed by combined light and electron microscopy an impressive array of sensory nerve terminals, including abundant Meissner corpuscles, other simple corpuscular endings, Merkel disc endings, and dermal and intraepithelial free nerve endings. 29 In addition, complex arrays of lanceolate, circular Ruffini, Merkel, and free nerve endings envelop the eyelashes. 29 The remarkable density of sensory terminals revealed by this histological investigation is consistent with the clinical observations of high tactile sensitivity of the human eyelid margin.
Neurophysiology and Sensation
Peripheral Nervous System Mechanisms. The present knowledge of the functional types of sensory nerve fibers innervating ocular and periocular structures is incomplete. Considerable effort has been devoted in the last decades to analyzing the electrophysiological properties of nerve fibers innervating the cornea and, to a lesser degree, the bulbar conjunctiva (see the reviews by Belmonte and colleagues 9, 55 ). In contrast, detailed functional studies of the sensory afferents supplying the palpebral conjunctiva, lid borders, and extraocular muscles (in particular those conveying nociceptive signals from these tissues) are scarce, and their functional characteristics are mentioned only incidentally in some of the studies devoted to the trigeminal innervation of the face.
There is experimental evidence that subtle molecular and genetic differences exist within the traditional subclasses of TG neurons. 56 The specificity of the molecular signature of the various subtypes of primary sensory neurons appears to correlate functionally with their individual short-term and long-term impulse responses to inflammation and physical or chemical trauma.
Functional Types of Sensory Neurons Innervating the Ocular Surface. Most of the corneal neurons with myelinated (A-d) axons have conduction velocities between 2 and 15 m/s, whereas neurons with unmyelinated axons, the C-type neurons, conduct at less than 2 m/s. [57] [58] [59] [60] The lid margins also possess morphologically specific terminals (Meissner and Merkel corpuscles and Ruffini and other corpuscular endings) whose functional identification as thick myelinated, fastconducting low-threshold mechanoreceptors is well established. 61 Most (about 70%) of the sensory nerve fibers innervating the cornea and the bulbar conjunctiva are polymodal nociceptors, with the majority being C-type neurons. They are activated by near-noxious or noxious mechanical energy, heat, and chemical irritants and by a large variety of endogenous chemical mediators released by damaged corneal tissue and resident and migrating inflammatory cells, or by leakage from limbal vessels. [57] [58] [59] [60] A proportion (<50%) of polymodal fibers also increase their firing rate when the corneal temperature is reduced below 298C. 62 Many chemical agents (cytokines, prostaglandins, bradykinin, capsaicin, and mustard oil) known to excite polymodal nociceptors in other tissues also activate ocular nociceptors; acidic solutions (pH 5.0-6.5) evoke their impulse discharges at corneal polymodal nociceptors. [58] [59] [60] 62, 63 Polymodal nociceptors often undergo inactivation (i.e., progressive reduction or suppression of the impulse response to repeated stimulation) at intensities around or over noxious levels after stimulation. 64 However, when the stimulus causes some level of tissue injury (which triggers local inflammation), they develop an ongoing, irregular impulse firing; their threshold for activation by mechanical, thermal, and chemical stimuli decreases, and the impulse discharge evoked by suprathreshold stimulation increases. Collectively, these phenomena are termed sensitization. [65] [66] [67] Polymodal nociceptor neurons are connected centrally with higher-order relay neurons of the pain pathways. Hence, the psychophysical correlate of their immediate activation is acute pain. 68 When sensitization is developed, the psychophysical correlates are allodynia (pain evoked by innocuous stimulation), hyperalgesia (enhanced pain in response to noxious stimuli), and spontaneous pain, due respectively to the lowered threshold, enhanced responsiveness, and spontaneous discharge of polymodal nociceptors. 64, 66, 69 About 15% to 20% of the nerves innervating the cornea, all thinly myelinated (A-d), are mechano-nociceptor fibers that respond only to mechanical forces in an order of magnitude close to that required to damage corneal epithelial cells. They are phasic sensory receptors that signal the presence of the stimulus and, to a very limited degree, its intensity and duration. The threshold force required to activate mechanonociceptors is relatively low (about 0.6 mN) but slightly over the mechanical threshold of polymodal nociceptors. 70 Mechano-nociceptors in the cornea are probably responsible for the immediate, sharp sensation of pain produced by touching or scratching of the corneal surface. There is experimental evidence for a transient reduction of their mechanical threshold during allergic keratoconjunctivitis, 71 and it is possible that repeated stimulation of mechanoreceptors is a feature of contact lens wear.
Another category of corneal nerve fibers that represents 10% to 15% of the total population are cold-sensitive thermoreceptors. These are A-d and C fibers that discharge spontaneously at rest and increase their firing rate when the normal temperature of the corneal surface (around 33-348C) is reduced (they are transiently silenced upon warming). 59, [72] [73] [74] Accordingly, cold thermoreceptor activity increases with temperature drops produced by evaporation of tears at the corneal surface, blowing of cold air onto the cornea, or application of cold and hyperosmolar solutions. 59, [75] [76] [77] However, while the pre-lens tear film temperature is cooler than the non-contact lens wearing eye, underneath the lens the temperature is higher. 78 Conceivably, cold receptors on the lid margin may be implicated in CLD. Such receptors are able to detect and encode the intensity of a stimulus by their impulse frequency within very small temperature ranges of 0.58C or less, 59, 75, 76 thus explaining the perception of corneal temperature reductions of such magnitude as a conscious sensation of cooling 79 and/or dryness. 80 Although most of the corneal cold thermoreceptors have a very low thermal threshold (i.e., they increase their background firing with a temperature reduction of <2.08C), there is a subpopulation with a higher thermal threshold (detecting a temperature reduction of >58C). 81, 82 There is increasing evidence that corneal cold thermoreceptors respond to other stimuli. They are activated not only by temperature reductions (as those occurring during interblink tear evaporation) but also by an increase in tear osmolarity, as well as about 50% of them by heat (>458C) and capsaicin. 55 Their activity is modulated by inflammation, which reduces their ongoing and stimulus-evoked impulse activity 71 and by peripheral injury that increases both parameters. They stimulate basal tearing and blinking. 76 The information they provide to the brain is used not only to evoke temperature sensations but also to evoke unpleasant sensations when the ocular surface dries, possibly through the recruitment of higher-threshold cold thermoreceptors. 81, 83 Under inflammatory conditions, cold thermoreceptors become less sensitive, so that the firing frequency of their continuous background activity at normal temperature, and the magnitude of the impulse response to cooling, are both reduced. 71 Counterintuitively, injury appears to enhance the background activity of cold thermoreceptor terminals, a consequence of the enhancement of sodium currents and the reduction of potassium currents after axonal injury. 71 Molecular and Cellular Mechanisms for Transduction and Coding of Physical and Chemical Stimuli. The molecular transduction mechanisms used by the various functional classes of TG sensory receptor neurons innervating ocular and periocular tissues are different. This is also true for the sodium, potassium, and calcium voltage-sensitive channels involved in the generation of propagated nerve impulses. Moreover, each class of neuron is provided with different membrane receptor proteins to interact with diffusible chemicals and proinflammatory substances and with various downstream effectors. This enables each receptor neuron type to react differently to the various forms of stimulus energy, thereby modifying their impulse response. 84 Various ion channels have been associated with nociceptor and thermosensitive neurons of the TG innervating the tissues of the face and head. While some are present in ocular neurons, detailed evidence on the functional expression of specific transducing channels in identified ocular TG neurons is lacking to date.
Transient Receptor Protein Channels. Transient receptor protein (TRP) channels constitute a superfamily of cationpermeable ion channels that are classified based on their sequence homology into the following six subfamilies: TRPC, TRPV, TRPM, TRPA, TRPP, and TRPML. 85 A distinct feature of most TRP channels is their polymodal activation by physical stimuli (e.g., temperature and mechanical forces) and exogenous and endogenous chemical substances. This characteristic makes them effective detectors of environmental stimuli, acting as a molecular interface between the external world and the nervous system. TRPV1 channels are key receptors for detecting noxious stimuli such as acidic pH, 86 heat (>438C), 87 and chemicals, including capsaicin 87 and anandamide. 88 TRPV1 is expressed within a major class of nociceptive neurons 89 with A-d and C axons. Some receptors for inflammatory mediators, including prostaglandin E 2 (PGE 2 ) receptors, 90 b-adrenergic type 1 through 3 receptors, 91 serotonin type 7 receptors, 92 and H 2 receptors, possibly exert their sensitizing effect through modulation of TRPV1 activity. Thus, TRPV1 behaves as the final integrator of a large variety of noxious stimuli. Almost all dorsal root ganglion neurons expressing TRPV1 coexpress the ionotropic purine receptor P2X3.
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TRPA1 channels are expressed in a subpopulation of unmyelinated nociceptors that also express the capsaicin receptor TRPV1, suggesting an important role in nociception. Consistent with this hypothesis, 94 TRPA1 is activated by a diverse assortment of pungent or irritating reactive chemical compounds, including those found in mustard oil (allyl isothiocyanate), cinnamon oil (cinnamaldehyde), gas exhaust (acrolein), raw garlic and onions (allicin), and formalin (formaldehyde); all of these elicit a painful burning or prickling sensation. [95] [96] [97] [98] [99] [100] Hence, TRPA1 signals the presence of a plethora of noxious stimuli in the environment and endogenous molecules released in inflamed tissues. Compounds activating TRPA1 have in common their reactivity with amino acid residues in the N-terminal cytoplasmic domain. 101, 102 Moreover, TRPA1 has been suggested as a putative transducer of natural physical stimuli, including both cold and mechanical forces. 95, 103 Thus, like TRPV1, TRPA1 is a molecular ''switchboard'' integrator for a range of diverse noxious stimuli. In addition to the contribution of this channel to the detection of direct chemical and physical stimuli, recent genetic and pharmacological evidence suggests that TRPA1 also has a major role in inflammatory pain, as well as in the mechanical and cold hyperalgesia that is associated with peripheral inflammation. 99 TRPA1 is sensitized by both bradykinin and Protease activated receptor 2, thus reinforcing its role in inflammatory pain. 96 Transient Receptor Potential Melastatin 8 Channels. Transient receptor potential melastatin 8 (TRPM8) is a cold-activated cation channel.
104 TRPM8 channels are expressed mainly in a small subpopulation of peripheral sensory neurons with A-d or C axons that detect small temperature decreases, thus corresponding to low-threshold cold thermoreceptor neurons but also in other neurons that respond to stronger temperature decreases and express the phenotype of nociceptive neurons. 105 Inflammatory mediators decrease TRPM8-dependent nerve activity.
with mechanotransduction, osmolarity detection, thermal detection, and other functions. TRPV2, TRPV4, TRPC5, and TRPM3 are examples. 104 Acid-Sensing Ion Channels. The acid-sensing ion channels (ASICs) are members of the epithelial sodium channel/ degenerin superfamily, and several are expressed in TG neurons. ASICs may have a significant role in pain and inflammation. For instance, ASIC3 responds synergistically to slight acidification (pH 7.0), hypertonicity, and arachidonic acid (AA). 106 ASIC isoforms are expressed in Merkel cellneurite complexes, periodontal Ruffini endings, and specialized nerve terminals of skin and muscle spindles. 107 Potassium Channels. Background potassium channels TREK-1, TREK-2, and TRAAK are mechanostimulated and temperature gated. [108] [109] [110] [111] These channels are expressed in primary sensory neurons. 111, 112 Both TRAAK and TREK-1 are likely candidates to regulate sensory neuron excitability in response to temperature and mechanical stimuli.
Correlation Between Molecular and Cellular Mechanisms and Quality of Sensation. As indicated by Viana and Belmonte, 84 there is growing evidence that the relationship between the various ion channels described above and proposed as specific transducer molecules for stimuli of different quality is not as neatly associated with the distinct functional types of sensory receptors (mechanoreceptors, thermal receptors, and polymodal nociceptors) as originally proposed. First, many ion channel molecules initially associated with the transduction of only one particular form of energy are also activated by stimuli of different quality, implying a limited degree of specificity in their transducing capacities. Second, molecular sensors associated with a stimulus quality and hence with a sensory receptor type and ultimately with a sensory modality may be concomitantly expressed in sensory receptor neurons functionally defined as specific for another stimulus quality. Third, activation of voltage-gated channels involved primarily in nerve impulse generation can also influence the gating of transducing channels, dramatically modifying their activation profile.
Thus, the capacity of different functional types of somatosensory receptor neurons to preferentially detect and encode specific stimuli into a discharge of nerve impulses appears to result from a characteristic combinatorial expression of different ion channels in each neuronal type that finally determines their transduction and impulse firing properties. Transduction channels do not operate in isolation, and their cellular context should also be taken into consideration to fully understand their function. Moreover, the inhomogeneous distribution of transduction and voltage-gated channels at soma, axonal branches, and peripheral endings of primary sensory neurons influences the characteristics of the propagated impulse discharge that encodes the properties of the stimulus. Alteration of this concerted operation of ion channels in pathological conditions may underlie the changes in excitability accompanying the abnormal peripheral signaling taking place after persistent stimulation and/or inflammation as may occur during CLD.
Central Nervous System Mechanisms. The concept of the lacrimal functional unit has served as a useful framework to assess the organization of a multicomponent system that links the ocular surface, through sensory nerves and central nervous system (CNS) integrative circuits, to critical efferent processes such as tear secretion that maintain ocular surface integrity and underlie ocular sensations. [113] [114] [115] Peripheral mechanisms in dry eye disease (DED) have received considerable attention 70, 116, 117 ; however, far less is known regarding CNS mechanisms. Several lines of evidence support the hypothesis that altered CNS processing has a critical role in abnormal ocular sensations, potentially including CLD. Brainstem circuits necessary for ocular homeostatic reflexes are well connected with brain regions that influence the sensory, affective, and autonomic aspects of pain. [118] [119] [120] Many ocular sensations such as wetness, dryness, grittiness, itch, and irritation are complex and likely result from interactions across multiple psychophysical channels. 121 Interactions across modalities and that demonstrate spatial and/or temporal summation likely cannot be explained on the basis of peripheral afferent nerve activity alone. 122 Most critically, symptoms of CLD often do not correlate well with signs of ocular surface dysfunction.
Central Neural Pathways for Ocular Sensation and Homeostasis. The ophthalmic branch of the trigeminal nerve supplies the ocular surface, periocular tissues, and nearly all tissues within the eye. 27 The cell bodies for ocular sensory nerves lie along the medial border of the TG and represent only 2% to 5% of the total TG population in rodents 123, 124 and primates 125 despite evidence that the ocular surface is the most densely innervated structure in the body. 18 Ocular TG neurons project centrally to terminate in multiple spatially discrete zones along the rostrocaudal axis of the trigeminal brainstem sensory complex (TBSC). The TBSC is composed of a principal trigeminal nucleus (Vp) in the pons and the spinal trigeminal nucleus (Vsp) in the medulla. The Vsp is further subdivided into subnucleus oralis (Vo), interpolaris (Vi), and caudalis (Vc) based on anatomical and functional properties (see the study by Bereiter et al. 126 ). Anatomical tracing studies in primates, 125 cats, 127, 128 and rodents 123, 129, 130 indicate that corneal and conjunctival afferent fibers terminate mainly in the ventral aspect of the transition region between caudal Vi and Vc (Vi/Vc transition) and at the spinomedullary junction (Vc/C1). Middle portions of Vc and more rostral regions of the TBSC receive sparse input from corneal afferent fibers, although conjunctival afferents also terminate in rostral TBSC. 130 A restricted projection pattern as seen for corneal afferents also is seen for TG neurons that supply the eyelids, 131, 132 lacrimal gland, 133, 134 and meibomian gland. 128, 135 The significance of multiple zones of termination for corneal afferents in the TBSC is not known and may simply reflect the need for redundancy in a system critical to preserve retinal function. Alternatively, although not mutually exclusive, discrete groups of second-order ocular neurons may serve different functions. 136 Converging lines of evidence from anatomical and neurophysiological studies support the hypothesis that ocular surface-responsive neurons at the Vi/Vc transition and caudal Vc/C1 region serve different functions in ocular homeostasis and sensation. First, the immediate early gene product, Fos protein, induced after noxious stimulation of the ocular surface, is expressed in a bimodal distribution at the Vi/Vc transition and Vc/C1 junction regions. [137] [138] [139] However, administration of morphine 140 or neurokinin (e.g., SP) receptor antagonists 141 before stimulation markedly reduces Fos at the Vc/C1 junction, with lesser effects at the Vi/Vc transition. Second, cold 139 or drying the ocular surface 142 selectively produces Fos at the Vi/Vc transition, suggesting modality-specific input to each region. Third, neural recording indicates that neurons at both regions encode the intensity of mechanical and chemical stimulation of the ocular surface 143, 144 ; however, dryness 142 or cold 145 preferentially activates neurons at the Vi/Vc transition. Fourth, the receptive field (RF) properties of ocular cells at the Vc/C1 region are consistent with a role in nociception because all are excited by pinch of periorbital skin, whereas many neurons at the Vi/Vc transition are activated only by ocular surface stimulation. 144 Fifth, morphine inhibits ocular surface input to all neurons at the Vc/C1 junction, whereas nearly 40% of those at the Vi/Vc transition become more responsive to ocular surface stimulation. 146 This unexpected finding suggests that ocular neurons at the Vi/Vc transition may contribute to ocular itch sensations that often accompany intrathecal or epidural morphine administration for spinal pain. 147, 148 Sixth, diffuse noxious inhibitory controls, a form of stimulus-induced analgesia that requires CNS integration, reduces corneal input to most Vc/C1 neurons, while fewer Vi/Vc transition neurons are inhibited. 144 Seventh, sensitization following corneal nerve injury or inflammation is thought to underlie the discomfort and irritation in most forms of DED. 116 In animal models of uveitis 149 or photokeratitis 150 that cause anterior segment inflammation, enhanced responsiveness to corneal input is seen only by neurons at the Vc/C1 junction, whereas cells at the Vi/Vc transition often display reduced responsiveness. Early neurosurgical treatments to reduce trigeminal neuralgic pain by transection of the spinal trigeminal tract at the level of the Vi/Vc transition eliminated pain sensation to corneal stimulation; however, a sense of corneal touch remained. 151 Collectively, these results suggest that the caudal Vc/C1 junction region mediates irritation and pain sensations in DED, while the Vi/Vc transition region is more likely involved in other ocular sensations such as dryness, coolness, and itch, as well as homeostatic reflexes. Based on a resistance to morphine and stimulus-evoked analgesia, ocular neurons at the Vi/Vc transition region also may form the ascending limb of the pathway that recruits endogenous pain controls from higher brain regions. 136 Indeed, the ventral Vi/Vc transition region projects heavily to the thalamic nucleus submedius, 152 a midline nucleus involved in pain modulation. 153 Last, pharmacological blockade of the Vi/Vc transition region, but not the Vc/C1 junction region, prevents reflex lacrimation evoked by chemical stimulation of the ocular surface 142 or by exposure to bright light. 154 Similarly, the Vi/Vc transition region also is necessary for corneal stimulation-evoked eyeblink, while the Vc/C1 junction region serves mainly a modulatory role. 155 The ascending projections from second-order ocular neurons in the TBSC to higher brain centers are not well known, and no systematic mapping study has been reported to date. Many corneal neurons in Vc project to the parabrachial area (PBA) in the midbrain rather than the thalamic ventral posteromedial nucleus, 156 consistent with earlier neural recording studies. 144, 157 The PBA receives convergent input from cranial, spinal, and visceral sensory nerves and projects heavily to limbic brain areas, consistent with a role in affective and/or autonomic aspects of pain. 158 Corneal stimulation activates neurons in the amygdala, 159 as well as neurons in the PBA that project to the amygdala. 160 Corneal neurons at the Vi/Vc transition also project preferentially to the superior salivatory nucleus, the major source of parasympathetic preganglionic neurons to the eye and lacrimal gland, and to the facial motor nucleus for control of eyeblink, 161 while neurons at the Vc/C1 junction region project preferentially to the posterior thalamic nucleus (PO). 162 Nociceptive neurons in the PO project to the amygdala and insular cortex rather than primary somatosensory cortex (S1). 163 Thus, two of the major projection targets of secondorder corneal neurons in the TBSC are the PBA and PO, brain regions with weak direct connections to S1. Indeed, the ocular surface is poorly represented in S1 and S2 cortex. In their 1937 study, Penfield and Boldrey 164 could elicit no ocular sensations by electrical stimulation of S1. More recently, mapping studies of S1 in monkey, 165, 166 squirrel, 167 or rat 168 demonstrated no cortical neurons driven by ocular surface stimuli. By contrast, stimulation of insular cortex readily evokes sensations of tingling and pain in the face and eye. 169 Interestingly, selective stimulation of low-threshold unmyelinated C fibers in skin contributes to tactile sensitivity and causes increased activity in insular cortex but not in S1 or S2. 170 It is not known if lowthreshold unmyelinated corneal afferents share this unique projection pathway. In summary, the anatomical organization of ascending corneal pain pathways, at least under naive conditions, appears different from cutaneous pain pathways and projects heavily to brain regions associated with affective, emotional, or autonomic aspects of pain rather than sensory discrimination. Figure 3 summarizes the major ascending brain pathways described for trigeminal sensory fibers that supply the eye.
Ocular Sensations and CNS Integration. Corneal nerve endings express numerous receptor subtypes associated with encoding mechanical, thermal, and chemical stimulus modalities 79, 171 ; however, the complex nature of many ocular perceptions such as dryness, grittiness, itch, irritation, and fatigue suggests interactions across multiple psychophysical channels 121, 172 that require integration at higher brain centers. Psychophysical channels are not independent as supported by evidence that ocular mechanical and chemical thresholds are altered by varying the effective intensity of each modality. 121 The perception of itch and pain may be integrated by different brain regions because itch increases activity in insular cortex in an intensity-dependent manner, while pain causes greater increases in the sensory thalamus. 173 It is not known if the same brain areas integrate ocular itch and pain.
When presented alone, mechanical stimulation of the conjunctiva and cornea produces similar estimates of intensity, although lower scores for irritation are reported for conjunctiva stimulation. 79 However, after coincident mechanical stimulation of the cornea and conjunctiva, the magnitude of discomfort is reduced significantly compared with conjunctiva stimulation alone 174 and suggests an interaction between two sources of coincident input, resulting in altered ocular perception. In animal models of ocular inflammation, the convergent cutaneous RF area of ocular neurons at the Vc/C1 junction region is significantly enlarged after inflammation, consistent with spatial summation, whereas neurons at the Vi/ Vc transition region are not affected. 149, 150 It is not yet known if RF areas of ocular neurons in TBSC are modified in animal models specific for dry eye.
Neural Control of the Ocular Response. The dense innervation of the ocular surface has a number of critical functional consequences. Stimulation of nerves on the ocular surface is responsible for a number of ocular sensations (pain, itch, dryness, and others) as described in detail above. The type and intensity of stimulation to the ocular surface will influence the ocular responses to the stimulation. Given the need to maintain an intact and clear cornea, the responses to intense noxious stimuli appear to be primarily protective in nature. Protective reflexes, including blink and lacrimation, can be rapid and profound.
Nerve impulses carried by trigeminal nerves synapse within the CNS, when a suitable threshold is reached, cause firing of facial nerve central nerve VII (CNVII) and through the temporal and zygomatic branches of CNVII actuate firing of the orbicularis oculi muscles to cause eyelid closure. While using the same efferent mechanism, the blink reflex seems to differ from baseline initiation of involuntary blink used for ocular surface maintenance.
Reflex lacrimation similarly results from stimulation of CNV fibers, which can lead to firing of parasympathetic CNVII fibers that innervate the lacrimal gland and lead to tearing. 175 The requirement for CNV function is not absolute for basal tearing because some lacrimal function remains after disruption of CNV function. More recent data suggest that a portion of tearing required for normal ocular surface homeostasis may require intact corneal innervation because TRPM8-containing nerves have a role in both the sensation and development of dry eye syndrome (see above). 76 The more profound volumes of tears needed for protection of the ocular surface in the face of noxious stimuli depend on the CNV. The on-demand production of tears in the face of noxious stimuli can serve to wash away particulate matter or dilute chemical irritants.
Neural Regulation of Tear Production. Each of the tissues involved in tear production is innervated by sensory afferent and parasympathetic and sympathetic efferent nerves. The innervation of the corneal epithelium and the sensory innervation of the conjunctival epithelium are described FIGURE 3. Major ascending brain pathways for trigeminal sensory fibers that supply the eye. The cell somata of sensory fibers are found within the TG and project centrally to terminate in two spatially discrete regions of the trigeminal brainstem complex, the trigeminal subnucleus interpolaris/ caudalis transition region (Vi/Vc) and the caudalis/upper cervical cord junction (Vc/C1). Second-order ocular neurons in Vi/Vc and Vc/C1 project to brain regions that mediate eyeblink (facial motor nucleus, VII), lacrimation (superior salivatory nucleus, SSN), and cardiovascular reflexes (nucleus tractus solitarius, NTS). Projections to higher centers such as the periaqueductal gray (PAG), PBA (PB), lateral hypothalamus (LH), posterior hypothalamus (PH), and amygdala (Am) contribute to the affective and modulatory aspects of ocular pain, while projections to posterior thalamus (posterior nuclear group, Po; ventral posteromedial nucleus, VPM) and insular cortex (Ins) mediate sensory-discriminative aspects. Note that a small group of ocular responsive neurons also are found in the contralateral Vi/Vc. The source of input to this group is not well defined. 18, Primary afferent fibers (gray); 28, second-order projections (red); 38, third-order projections (blue).
above. The meibomian gland receives sensory, parasympathetic, and sympathetic innervation. 176 The parasympathetic innervation predominates with VIP-containing parasympathetic nerves surrounding the acini. The sympathetic nerves that contain tyrosine hydroxylase and the sensory nerves that contain CGRP and SP are more sparsely located. Parasympathetic nerves that contain acetylcholine and VIP predominate in the main and accessory lacrimal glands and surround the acini and ducts within these glands, while sympathetic nerves are present around acinar cells and blood vessels. Within the lacrimal gland, few CGRP-containing and SP-containing sensory nerves are detectable. Parasympathetic nerves containing VIP and acetylcholine, as well as sympathetic nerves containing tyrosine hydroxylase and dopamine b-hydroxylase, surround the conjunctival goblet cells, 32 but the sensory nerves appear to have no direct interactions with the goblet cells. 32 Although the meibomian gland is extensively innervated, little is known about the role of nerves in stimulating lipid production. There is no published research to date on the role of nerves and their neurotransmitters in the holocrine secretion of the meibomian gland. However, immortalized human meibomian gland cells possess acetylcholine and VIP receptors, which upon activation increase intracellular calcium concentration and stimulate cell proliferation. 177 Parasympathetic nerves of the lacrimal gland, using their neurotransmitters acetylcholine and VIP, stimulate both protein and fluid secretion in animal models and humans. This mechanism is the primary driver of tear secretion and in particular accounts for overflow tears. Acetylcholine and VIP use different cellular mechanisms to stimulate secretion. Sympathetic nerves can alter blood flow, with vasodilation increasing electrolyte and water secretion and vasoconstriction decreasing it, or these sympathetic neurotransmitters can directly induce protein, electrolyte, and water secretion. The sympathetic regulation of lacrimal gland secretion is less pronounced than parasympathetic regulation. Adenosine triphosphatase released from both parasympathetic and sympathetic neurons, as well as by other mechanisms, can activate purinergic receptors of the P2X 7 and P2X 3 subtypes. Activation of these receptors stimulates protein secretion. In addition, P2X 7 receptors interact in a complex way with muscarinic and a 1 -adrenergic stimulation of protein secretion. Sensory neurotransmitters (CGRP and SP) do not significantly stimulate lacrimal gland secretion.
Conjunctival goblet cells utilize apocrine secretion to release granules containing the gel-forming mucin MUC5AC, electrolytes, and water from their apical surfaces. Although both parasympathetic and sympathetic nerves surround conjunctival goblet cells, evidence to date shows that only the parasympathetic neurotransmitters acetylcholine and VIP stimulate conjunctival goblet cell mucin secretion. 178, 179 Sympathetic neurotransmitter receptors are present on goblet cells, but whether sympathetic neurotransmitters stimulate mucin secretion remains to be investigated. However, ATP that can be released from sympathetic nerves, as well as by other mechanisms, can stimulate purinergic receptors of the P2Y 2 subtype. Activation of these purinergic receptors stimulates goblet cell mucin secretion. Sensory nerves do not contact conjunctival goblet cells and have not been implicated in the regulation of goblet cell secretion. 178 Although the mechanisms of electrolyte and water secretion by lacrimal gland, conjunctival, and corneal epithelial cells are very similar, no published experiments to date have shown whether the activation of nerves stimulates conjunctival epithelial fluid secretion. However, sympathetic and sensory neurotransmitters, as well as ATP, cause electrolyte and water secretion. Sympathetic neurotransmitters interact with b 2 -adrenergic receptors to elevate cAMP and stimulate secretion, while ATP that can be released by sympathetic nerves and by other mechanisms activates P2Y 2 receptors to increase intracellular calcium concentration and stimulate secretion. Because of its large surface area compared with the cornea, the conjunctiva can supply the precorneal, nonoverflow tear film.
The corneal epithelium can also secrete electrolytes and water into the tear film, but its contribution to the tear volume is limited. Stimulation of b-adrenergic receptors by norepinephrine released from sympathetic nerves elevates cellular cAMP levels to cause secretion driven by chloride secretion. 179 
OCULAR SURFACE NEUROBIOLOGY METRICS In Vivo Confocal Microscopy of Corneal Nerves
The foundations of understanding of the architecture of corneal innervation have been established by light and electron microscopy. However, observation using these methods is limited by the rapid degeneration of corneal nerves after death (Müller and colleagues 17 have shown this to occur within 13.5 hours). In vivo confocal microscopy has proven to be a useful tool in the examination of the organization of the subbasal plexus (SBP) in humans, enabling the observation of various parameters of nerve morphology, including nerve fiber density, width, tortuosity, branching, and beading frequency.
Confocal examination has enabled visualization of alterations in subbasal epithelial nerve morphology. Such changes occur in ocular [180] [181] [182] and systemic 183 disease and following refractive surgery.
Reduced nerve fiber density has been shown in both Sjögren's and non-Sjögren's dry eye, as well as increases in nerve fiber beading, branching, reflectivity, tortuosity, beadlike formation, and nerve sprouting. [184] [185] [186] [187] [188] [189] [190] [191] [192] However, other studies have demonstrated no difference 188, 191 or even increased nerve fiber density in patients with dry eye. 185 These variable results may be attributed to different stages and severity of dry eye in patients enrolled in these studies. 193 Nerve fiber density and tortuosity have been associated with corneal sensitivity, 190, 192, 196 implying that nerve coverage of the cornea is important in its sensory response.
Only a few studies have examined the effects of soft contact lens wear on SBP morphology, with just one report of a reduction in nerve fiber density with silicone hydrogel lens wear of longer than 1 year. 197 Other investigators have not found changes in nerve fiber density, tortuosity, branching, beading, thickness, or reflectivity with hydrogel or silicone hydrogel lens wear [198] [199] [200] . The nerve redistribution shown in OK wear appears to reflect topographic changes resulting from the mechanical pressure applied by the reverse geometry rigid lens designed specifically for this purpose. These changes in topography are also associated with increases in threshold to sensation using the Cochet-Bonnet esthesiometer, but no evidence was presented regarding comfort of the lenses or changes in comfort. 201 The lack of effect on corneal nerve morphology observed in the wear of soft lenses suggests that these conventional lens types do not cause sufficient insult to the SBP so as to necessitate overt structural changes such as those seen in recovery from other more injurious conditions (e.g., refractive surgery or corneal or systemic disease). However, it is possible that structural alterations that do occur as a result of contact lens wear may be below the resolution of the confocal microscope or not able to be detected with current sampling techniques. Ultrastructural alterations within nerve fiber terminals or changes to individual nerve fibers cannot currently be observed by confocal microscopy.
The changes in nerve morphology observed in dry eye 190, 192, 196, 202 and following LASIK [203] [204] [205] [206] [207] have been shown to be associated with changes in sensitivity, suggesting that subbasal nerve structure may be related to neural function. However, the evidence in contact lens wear is equivocal (Table  1) .
Ocular Surface Sensitivity and Sensations in Contact Lens Wear
Whereas electrophysiological data for corneal and conjunctival sensory function are available for animals, such experiments cannot be performed in living humans. Consequently, sensory information pertaining to the human ocular surface in vivo has been gathered by evaluating subjective responses to carefully controlled stimulation of the cornea and the conjunctiva. Specific application of mechanical, chemical, or thermal stimuli has been enabled by various esthesiometer designs. However, measurement of ocular surface sensitivity is affected by the psychophysical technique utilized, 208 as well as the type of instrument used. Measurement of threshold of detection of mechanical, chemical, and thermal stimuli is the most common method. Some investigators have also utilized subjective grading of suprathreshold stimuli to determine the relationship between the magnitude of the stimulus presented and its perceived intensity, 63, 79, [209] [210] [211] and some have made observations of the quality and attributes of the evoked sensations. 43, 63, 79, 212, 213 Measurement Techniques. The instrument most commonly used to measure ocular surface sensitivity, both experimentally and clinically, has been the Cochet-Bonnet esthesiometer. Due to its portability and relative ease of use, this instrument has been traditionally considered the gold standard for ocular surface sensitivity measurement. The Cochet-Bonnet esthesiometer is based on the concept by Von Frey and uses a fine nylon filament, 0.08 or 0.12 mm in diameter, which can be varied in length from 0.5 to 6.0 cm to produce different intensities of stimulus. 214 Measurements are made in length of filament (in centimeters) and converted to pressure. This instrument has a number of key limitations, however, including poor stimulus reproducibility and most critically a truncated stimulus range, meaning that it is not suitable for sensitivity measurement in up to half of healthy subjects. 215, 216 A number of esthesiometers have been developed to overcome some of the limitations of the Cochet-Bonnet instrument; these include the electromagnetic Drager esthesiometer, 38 the temperature-controlled saline jet esthesiometer, 217 the carbon dioxide laser esthesiometer (Brennan NA, Maurice DM. IOVS 1989;30:ARVO Abstract S148), and the noncontact esthesiometer. The noncontact instruments utilize a jet of gas as the method of stimulation and include the noncontact corneal esthesiometer, 212 the Belmonte esthesiometer, 210 and its modified version, the Cooperative Research Centre for Eye Research and Technology (CRCERT)-Belmonte esthesiometer. 218 The noncontact instruments have a greater range of stimulus intensity than the Cochet Bonnet instrument and are thus able to detect more subtle changes in corneal sensitivity. In addition, the Belmonte instruments have the capacity to stimulate the ocular surface with chemical, thermal, and mechanical stimuli and subsequently to affect all of the various nociceptor subpopulations. The CRCERTBelmonte esthesiometer enables a more precise application of such mechanical, chemical, and cooling stimuli. 218 Recent work has demonstrated differing effects on corneal and conjunctival sensitivity with different types of esthesiometers. The newer, noncontact instruments differ markedly from the Cochet-Bonnet esthesiometer in their stimulus characteristics, and this should be taken into account when comparing findings between studies. The air jet, which is dynamic and dispersed, clearly differs from the discrete punctate stimulus of the Cochet-Bonnet filament, and its exact mode of action is to some degree uncertain. The mode of stimulation of these newer instruments is likely to be a combination of a localized reduction in ocular surface temperature in addition to deformation of the epithelial surface. 215, 216, 219 The two types of instruments may therefore measure different aspects of the sensory response of the ocular surface.
Contact Lens Wear and Ocular Surface Sensitivity. A change in corneal sensitivity with contact lens wear has been widely reported, 200, 218, [220] [221] [222] [223] [224] [225] [226] [227] [228] [229] [230] although the mechanism of this change is not known. Several investigators suggest that sensitivity is altered due to decreased levels of oxygen available to the cornea during lens wear, which may interfere with corneal metabolism. 223 Others, however, have put forward a mechanical etiology. 228 Corneal sensitivity changes as a result of contact lens wear have been shown to occur within a few hours of PMMA and RGP lens wear 222 and after one night's wear of OK lenses. 228 In PMMA wear, the magnitude of reduction is shown to be relative to the length of wear in years, 221 but investigations of hydrogel lens wear have not shown such an effect. 225, 232 Recovery of sensitivity upon stopping lens wear is likewise likely to be prompt; Millodot 233, 232 reported an almost complete recovery of sensitivity within the first hour after lens removal following 8 hours of PMMA and hydrogel lens wear, although recovery following long-term PMMA wear took a number of months. 221 Other investigators, also using the Cochet-Bonnet esthesiometer, showed recovery of sensitivity 1 week after transfer from PMMA to RGP lens wear 224 and within 4 hours of stopping long-term hydrogel lens wear. 235 Interestingly, a decrease in corneal sensitivity has also been reported upon ceasing long-term extended wear of hydrogel lenses. 232 The mechanism of sensitivity change of the ocular surface as a result of contact lens wear is not completely understood. The mechanical effect of the lens has been proposed to alter sensory function, and the availability of oxygen to the cornea may also have a role. Hypoxia was proposed as a mechanism in reduction of corneal sensitivity in older-style lens materials with no or low permeability to oxygen. 223 However, this does not explain contact lens wear-induced sensitivity change in the conjunctiva or changes in corneal sensitivity with lens materials highly transmissible to oxygen. 220, 227, 228 It is more plausible that sensory changes occur as a result of neural adaptation to the presence of the continuous stimulus of a lens 72, 211, 230 or neural sensitization in response to the presence of hyperosmolarity or inflammatory mediators induced by lens wear. In addition, morphological change to corneal nerve fibers such as that seen as a consequence of corneal disease or surgery or ultrastructural changes to the terminal neurons cannot be ruled out. It is probable that reduced neural transmission resulting in decreased corneal sensitivity occurs as a combination of all or some of these factors. 
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Comparatively little information is available on the effects of contact lens wear on the conjunctiva. A reduction of lid margin and tarsal conjunctival sensitivity in response to PMMA, RGP, and low oxygen transmissibility soft contact lens wear has previously been noted (Abelson MB, IOVS 1993;34:ARVO Abstract s1006). 50 However, increased bulbar conjunctival sensitivity has also been shown with silicone hydrogel lens wear 218, 227 and in discontinued lens wearers (Tan ME, et al. IOVS 1997;38:ARVO Abstract S1336). Such discrepancies may be related to the different instruments used to measure sensitivity.
Neuropeptides in Tears
The key neurotransmitters involved in the transmission of ocular sensations in human cornea and conjunctiva have been identified as SP and CGRP. Substance P and probably CGRP are important in corneal wound healing. In animal models, SP released by sensory nerve fibers has been shown to stimulate corneal epithelial cell growth 236, 237 and, together with insulinlike growth factor 1, to promote corneal cell migration. 25, 238 Other metabolites of SP induce neurogenic inflammation in the cornea and conjunctiva upon exposure to pathogens, allergens, or irritants or following injury 239 (see the reviews by Beuerman and Stern 240 and by McDermott and colleagues 241 ). In humans, SP has been successfully used to heal the corneal epithelium in neurotrophic keratopathy. 242, 243 Less evidence exists for the role of CGRP, but it may have a role in epithelial cell renewal and wound repair, 234, 244 possibly by modulating epithelial cell differentiation. 237 Neurotrophic factors derived from ocular surface epithelia such as nerve growth factor (NGF) are known to promote intraepithelial nerve growth during development but also support corneal nerve regeneration after injury. Nerve growth factor stimulates epithelial cell proliferation and differentiation in the human cornea and conjunctiva [245] [246] [247] and may modulate ocular surface inflammation. Topical treatment with NGF has been shown to accelerate corneal healing in neurotrophic keratitis 245, 248 and recovery of corneal sensitivity after LASIK. 249 All three neuropeptides, SP, CGRP, and NGF, have been found in normal human tears, [250] [251] [252] [253] [254] and alterations in tear neuropeptides could be a useful indicator of corneal health and nerve function. To date, only a few studies have attempted to measure tear neuropeptide levels in dry eye or contact lens wear. Reduced levels of CGRP 250 and increased NGF 250, 255 have been found in the tears of patients with dry eye, and these changes are associated with severity of dry eye signs; no difference has been shown in SP. Nerve growth factor has likewise been shown to be upregulated in contact lens wearers with dry eye, but not in lens wearers without dry eye. 197 Calcitonin gene-related peptide has not previously been measured in contact lens wear. A relationship between tear neuropeptide levels and ocular symptoms or ocular surface sensitivity has not as yet been elucidated in dry eye. However, higher postoperative tear NGF levels appear to be associated with improved corneal sensitivity and tear function following LASIK and PRK. 254 
Symptoms of Pain and Discomfort
In addition to more complex central and peripheral processes, it is possible that a mechanism of ocular discomfort in contact lens wear is the direct effect of contact lenses on the sensitivity response of the neural terminals in the cornea and/or conjunctiva. Changes in tear film composition of symptomatic lens wearers or dry eye sufferers could be expected to have an effect on neuroreceptors sensitive to chemical stimuli, increased interaction between the lid and the ocular surface or the lens and the ocular surface is likely to affect mechanoreceptors in these patients, and changes in local temperature caused by inflammatory processes or the lens itself may stimulate thermoreceptive neurons. In contact lens wear, as in dry eye, symptoms of ocular discomfort have not consistently been shown to be correlated with objectively measured clinical signs. However, due to the marginal nature of symptoms experienced, eliciting meaningful symptoms of ocular discomfort experienced by contact lens wearers has itself been fraught with difficulty. Hence, the lack of association between symptoms reported by lens wearers and clinically observed signs may in part be due to poor sensitivity of the symptomatology instruments applied.
There are few reports in the current literature exploring the relationship between ocular discomfort symptoms during contact lens wear and corneal or conjunctival sensitivity. One study has reported increased conjunctival sensitivity in symptomatic soft contact lens wearers (Tan ME, et al. IOVS 1997;38:ARVO Abstract S1336). Another reports a reduction in corneal sensitivity upon hydrogel lens wear discontinuation to be associated with a simultaneous reduction in the symptom of dryness (Golebiowski B, et A study comparing symptomatic and asymptomatic lens wearers found higher corneal responses to suprathreshold stimuli in the symptomatic subjects, but no difference was observed between the two groups in threshold responses. 211 All three studies utilized the modified Belmonte esthesiometer with an air jet at corneal temperature as the stimulus. 218 These findings in contact lens wearers are supported by studies showing a positive association between sensitivity and symptoms in patients with dry eye when this instrument is used. De Paiva and Pflugfelder 256 and Situ and colleagues 257 showed higher corneal sensitivity in symptomatic patients with dry eye than in healthy subjects. Tuisku and colleagues 193 likewise reported a correlation between higher sensitivity and symptoms in a group of patients with Sjögren's syndrome. 193 In contrast, previous studies [258] [259] [260] [261] using the traditional Cochet-Bonnet esthesiometer report that sensitivity to a nylon filament stimulus is reduced with increased symptoms of dry eye and in Sjögren's syndrome. Reports using the Belmonte esthesiometer, which utilizes an air jet at room temperature as its stimulus, likewise show a negative correlation between reduced sensitivity and increased symptoms in dry eye and Sjögren's syndrome. 196, 262 Interestingly, one study 263 investigating the occurrence of evening symptoms showed greater symptoms to be associated with higher sensitivity measured with the Cochet-Bonnet instrument.
These discrepancies in relation to stimulus type are of interest when viewed alongside studies examining the relationship between symptoms and sensitivity after refractive surgery. The relationship between discomfort symptoms and sensitivity in LASIK studies [264] [265] [266] [267] [268] [269] is consistently a negative one, irrespective of the instrument used. This hints further that the etiology of ocular discomfort in dry eye or contact lens wear is distinct from that which occurs as a result of nerve injury after LASIK.
It has been proposed that reduced sensitivity interferes with the blinking mechanism 270 and with the feedback loop to the lacrimal gland 271 and results in increased tear evaporation and reduced tear secretion, leading to increased symptoms of dry eye. Conversely, it is also possible that higher symptom levels lead to reduced sensitivity; Xu and colleagues 258 postulated that reduced sensitivity may occur due to a lessened perception of pain, which results from an adaptive response of the corneal nerves to increased stimulation in patients with dry eye.
It must also be considered that it may be the gradient of the subjects' response to suprathreshold stimulation that is responsible for increased perception of discomfort, rather than their response at threshold. Hence, it is possible that the key to differences in symptomatology between subjects lies in their altered response to suprathreshold stimuli, and such differences warrant further exploration.
PHYSIOLOGY AND MECHANISMS OF PAIN/DISCOMFORT IN CONTACT LENS WEARERS
While different mechanisms of pain (neuropathic or inflammatory) have been well described for certain chronic conditions, the mechanisms involved in contact lens-related discomfort are not easily classified. Some mechanisms that have been proposed and to some degree researched include mechanical, chemical, dehydration (including cooling and changes to osmolality of tears), and inflammation.
Mechanical
Contact lenses interact directly with the ocular surface, including the cornea, conjunctiva, and eyelid tissues during lens wear. These tissues are highly innervated by sensory branches of the trigeminal nerve, and the touch sensitivity has been reported to be higher in the cornea, limbal conjunctiva, and lid margins compared with that of bulbar conjunctiva. 18, 37, 45 With the advance in optical coherence tomography imaging techniques, studies 272, 273 have revealed high-resolution details of the contact region between the lens and the eye and lens edge fitting. A recent study 274 has shown small but significant changes in the morphology of the limbal/scleral region with soft contact lens wear. In addition to frictional wear, the peripheral corneal topography, lid anatomical features, lens design and rigidity, and surface characteristics are also contributing factors to this mechanical related complication. Lid wiper epitheliopathy and lid-parallel conjunctival folds are two clinical signs potentially related to frictional wear in contact lens-induced dry eye. 54, 275 Additionally, contact lens wear affects the functioning of the sensory nerves as assessed by their sensitivity, which may have an important role in contact lens-related discomfort. 234 Studies have shown a reduction in corneal sensitivity to tactile 226, 234 and pneumatic 276 stimuli after soft contact lens wear, although no associated change in symptoms was reported. 229, 232, 277 It has been suggested that decrease of corneal sensitivity with contact lens wear could be due to sensory adaptation to mechanical stimulation. 50, 230 The close interaction between the lens and the ocular surface may repeatedly stimulate mechano-nociceptor and polymodal nociceptors, which may lead to neural adaptation for the purpose of efficiently encoding the dynamic range of stimuli in the sensory system 278 and sensitization 9 to protect the ocular surface from potential damage.
A recent study 211 suggested that corneal mechanical adaptation may have a role in contact lens discomfort because a symptomatic group of contact lens wearers showed no adaptation to suprathreshold mechanical stimuli. Conversely, increased bulbar conjunctival sensitivity to pneumatic stimuli has been noted in unadapted lens wearers and adapted lens wearers refitted with silicone hydrogel lenses after a short period of no lens wear, 218, 227 suggesting that transient sensitization to mechanical stimuli may occur during lens wear. It remains unclear what role sensitization has in contact lens-related discomfort.
Although the mechanical interaction between the lens and the eye could be a stimulus to the ocular surface-induced discomfort or pain, in certain situations contact lenses could be used to temper pain by limiting possible stimulation of the exposed corneal nerve endings by movements of the lid over the cornea. For example, bandage contact lenses have been used after refractive surgery to relieve pain and promote epithelial wound healing. [279] [280] [281] In contact lens wear in the absence of overt pathology, direct mechanical stimulation of the corneal nociceptors may be partly abrogated, but a discomfort sensation may result from other stimuli to corneal nociceptors, including osmolarity or thermal changes in addition to mechanical and other effects on the conjunctiva and eyelids.
Solutions
Care systems for use with contact lenses have been associated with a range of adverse effects, including delayed hypersensitivity responses, corneal and conjunctival ''toxicity,'' limbal stem cell damage, papillary conjunctivitis, and corneal staining. 282, 283 Discomfort from and discontinuation of lens wear may be a consequence of these chronic low-grade effects. Contemporary multipurpose solutions have reduced the frequency of certain complications of lens wear; however, discomfort seems to be reported irrespective of the preservative used, and formulation of care systems and discomfort are not consistently associated with overt signs such as corneal staining. 284, 285 Several cross-sectional, cohort, and crossover studies [286] [287] [288] [289] [290] [291] [292] of varying quality have evaluated the effect of care systems on discomfort. In two large-scale studies 286, 292 that included 1500 community-based lens wearers, symptoms of dryness and discomfort were evaluated, and while the dry eye score or selfreport of dry eye predicted overall lens comfort, there was no relationship in multivariable analysis between lens material or lens care system and dry eye score. Similarly, in a small cohort study 287 of wearers, a polyhexamethylene biguanide (PHMB)-preserved care system was not associated with sensations of dryness but was associated with higher symptom reporting of grittiness and scratchiness. Corneal chemical sensitivity is increased with a PHMB-preserved care system compared with polyquaternium 1/myristamidopropyl dimethylamine (Polyquad/Aldox; Alcon Laboratories, Fort Worth, TX). 227 Studies of lens comfort with multipurpose solutions have been confounded in some instances by the presence of corneal staining, which may be associated both with discomfort 293 and inflammation. 294 In contrast, a lower frequency of discomfort has been reported in individuals using multipurpose solutions containing wetting agents, 295 although there are conflicting reports of the effect of formulation, specific preservatives, or excipients in care systems in eye lubricants or packaging solutions on comfort (see the Report of the Contact Lens Materials, Design & Care Subcommittee). Contact lenses may act as a slowrelease vehicle for such adsorbed components to the ocular surface, which can influence comfort. 296 In symptomatic subjects, there is evidence for improved comfort with changing to an alternative combination of lens and care solution. 297 A recent study 298 comparing the comfort of a single type of silicone hydrogel contact lens (Senofilcon A; Johnson & Johnson Vision Care, Jacksonville, FL) worn on a daily-wear schedule with multipurpose disinfecting solution containing PHMB, polyquaternium 1/myristamidopropyl dimethylamine, or hydrogen peroxide (which contained a surfactant) compared with comfort during daily disposable lens wear found that all lens care products reduced comfort relative to the daily disposable modality and that PHMB and polyquater-nium 1/myristamidopropyl dimethylamine only increased the incidence of corneal infiltrative events and solution-induced corneal staining.
There are limited data on the effect of solutions on the neurobiology of the ocular surface; however, any discomfort response to care or packaging solutions is likely to be initially modulated by polymodal nociceptors on the ocular surface. Symptoms of grittiness and burning, perhaps analogous to those reported with certain care systems, have been reported in nonwearers in association with reduced corneal mechanical and chemical sensitivity thresholds (increased sensitivity to stimuli). 299 However, the lack of difference in corneal mechanical sensitivity between symptomatic and asymptomatic contact lens wearers 211 and between nonwearers and wearers 230 would suggest that mechanical sensitivity is preserved and that this occurs despite exposure to care solutions. In short-term lens wear investigations, however, corneal and conjunctival chemical sensitivity was increased (lower threshold) with a PHMB-preserved solution, and this was associated with increased ocular surface staining. 227 In summary, the effects of care solution on lens-related comfort are equivocal. Corneal mechanical sensitivity to pneumatic stimuli does not appear to be associated with comfort or changed with care system use or type. Solution use may affect chemical sensitivity of the conjunctiva, and solution effects upon the lids have not been studied to date.
Desiccation
Contact lens wear disrupts the tear lipid layer, causing increased tear evaporation and a lower tear breakup time (see the review by Rohit and colleagues 300 ), supporting the Dry Eye WorkShop 301 classification of contact lens dry eye as due to evaporative causes. Increased tear evaporation from the front surface of the lens is not necessarily accompanied or followed by overt corneal damage under the contact lens; however, thin high-water content lenses do reportedly cause pervaporation from the post-contact lens tear film and subsequent corneal staining. 302 There is evidence also that increased tear evaporation persists following removal of the contact lens, which has been hypothesized to be due to changes to the conjunctiva, 303 related either to mechanical or desiccation effects occurring at the edge of the contact lens. The effect of this chronic irritant is unclear, but it is conceivable that sensitization of conjunctival polymodal receptors may occur from this increase in sensory input.
The implications of the change in ocular surface temperature due to contact lens wear are unclear. On the one hand, the contact lens may act as an insulator, evidenced as increased ocular surface temperature by 28C on lens removal. 304 Conversely, an increased tear evaporation rate is likely to be the cause of cooling of the pre-contact lens tear film during wear. 305 Given the increasing evidence for stimulation of cold-sensitive receptors and a sensation of dryness, it may be reasonable to hypothesize a link between a contact lens-induced temperature change and discomfort or dryness; however, no clear link has been demonstrated between absolute corneal temperature or temperature change and CLD.
Hyperosmolarity
Some studies, [306] [307] [308] [309] [310] with one exception, 177 have found that contact lens wear results in increased osmolarity of the tear film or soft contact lenses, although there may not be an association with increased dry eye symptoms. 311 Either way, the sensory effect of tear film hyperosmolarity with contact lens wear may be difficult to measure because the soft contact lens is likely to represent a complex stimulus for the surface neural system. A hyperosmolar tear film that does not penetrate the contact lens is likely to stimulate only conjunctival neurons, which are relatively less sensitive to chemical stimuli compared with the cornea. 40, 43, 227 If hyperosmolarity penetrates the posterior surface of the contact lens when on the eye, it may result in relatively constant hyperosmolar conditions over the cornea. Thus, the contact lens could essentially act to either block or exacerbate the effects of tear film hyperosmolarity. An interesting concept is that of contact lens osmolality, 312 which has been shown to effect comfort during lens wear.
Inflammation
Lipid Autacoid Production and AA Metabolism. Arachidonic acid is an essential polyunsaturated fatty acid of the omega-6 classification. Metabolism of AA produces a large family of eicosanoids that are proinflammatory or antiinflammatory (see the review by Liclican and Gronert 312 ). Activation of cytosolic phospholipase A2 by exogenous threats such as contact lens wear releases AA that can be metabolized by the following three families of enzymes to form lipid autacoids 313 : cyclooxygenases (COXs), lipoxygenases (LOXs), and cytochrome p450s (CYP450s). All three enzymes are found in the cornea. [314] [315] [316] Activation of COX-1 and COX-2 produces prostaglandins, including PGD2, PGF 2a , PGE2, and 15-deoxydeltaPGJ2. Some prostaglandins are proinflammatory (PGE2), whereas others are anti-inflammatory (PGE1 and PGE3). The prostaglandins along with the other lipid autacoids discussed exert their effects through specific G protein-linked receptors that have been identified.
The LOX enzymes (5-LOX, 12-LOX, and 15-LOX) form 5(S)-hydroxyeicosatetraenoic acid (HETE), 12(S)-HETE, and 15(S)-HETE, respectively. These compounds can be further metabolized to leukotrienes (LTB4, LTC4, LTD4, and LTE4) and lipoxins (LXA4). Leukotrienes exacerbate inflammation, whereas lipoxins resolve and terminate it. Corneas express 12/15-LOX and produce 15(S)-HETE and hence LXA4. 317, 318 The CYP450 enzymes produce epoxide-eicosanoids and hydroxyeicosanoids. These enzymes are ubiquitously expressed in all tissues, including the cornea. 319 In the cornea, CYP4B1 produces 12(R)-HETE, which is metabolized to 12(R)-HETrE. 320 The latter compound is implicated in corneal inflammation. Platelet-activating factor (PAF) is another autacoid with proinflammatory effects in the cornea. The PAF is upregulated in the cornea following injury. 321 In addition to the omega-6 fatty acid AA, omega-3 fatty acids are released by cells. Two important omega-3 fatty acids are eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). During the inflammatory response, these fatty acids are metabolized to proresolution mediators that actively terminate inflammation. Activation of COX-2 produces the resolvin (Rv) RvE1 from EPA. 322 Activation of 12/15-LOX produces protectins and neuroprotectins (NPD1) from DHA. 322, 323 The NPD1 is specifically produced in nerves and aids in their regeneration. 324 Further activation of 5-LOX generates RvD1 from DHA. 325 Without dietary supplementation, EPA concentrations are very low. In contrast, DHA is found in all human tissues.
Unlike many anti-inflammatory agents such as corticosteroids that block resolution of inflammation, aspirin jump-starts it. Aspirin works by producing novel compounds that alter the biosynthesis of lipoxins, Rvs, and protectins to produce aspirin-triggered lipid mediators that are epimers (see the review by Serhan et al. 326 ). In the presence of aspirin, a novel family of bioactive, proresolution mediators is produced. 327 Aspirin acetylates COX-2 and produces R-containing instead of S-containing precursors of the 17-R-hydroxy series that produces aspirin-triggered lipoxins, RvDs, and RvEs. Macrophages and neutrophils work in concert with epithelial cells to produce proinflammatory and proresolution mediators. Corneal injury induces influx of polymorphonuclear leukocytes (PMNs) into the tears and cornea. 328, 329 AA Metabolite Production in Contact Lens Wear. Contact lens wear can increase production of several lipid autacoids. Contact lens wear in the setting of giant papillary conjunctivitis (now known as contact lens-related papillary conjunctivitis) caused an increase in tear LTC4 in patients. 330 The production of cytokines and LTB4 was examined in tears during overnight eye closure in contact lens-wearing individuals under a variety of situations. [331] [332] [333] In all individuals, PMNs were increased in the tears during closed-eye conditions (overnight), during adverse events related to contact lens wear such as contact lens-associated red eye and contact lens-induced peripheral ulcer, and in nonadapted contact lens-wearing individuals compared with adapted contact lens-wearing individuals and individuals not wearing contact lenses. The increase in PMNs was found along with an increase in tear LTB4. During adverse events, PAF was also increased. Despite these findings, there have been limited published associations between CLD and lipid mediators.
Other Inflammatory Mediators and Ocular Pain and Discomfort. Other inflammatory mediators have been shown to be present in tears, some of which are upregulated during contact lens wear (see the Report of the Subcommittee on Contact Lens Interactions With the Tear Film). Of particular interest is the upregulation of IL-6, IL-8, and TNFa during contact lens wear. It has been shown that IL-6 can be both a stimulator for nerve regeneration and a mediator of pain, 334, 335 and IL-8 and TNFa can induce hyperalgesia. 335, 336 Furthermore, the possibility of release of the potent pain mediator bradykinin 335 as the result of activation of the kinin-kallikrein cascade during contact lens wear 338 may also result in CLD.
Effect of Proinflammatory and Proresolution Mediators on Neuropathic Pain. There is an extensive literature demonstrating that the proinflammatory lipid mediators PGE2 and PAF and the leukotrienes LTA4 and LTC4 can induce neuropathic pain and affect peripheral nociceptors such as are found on corneal sensory nerves (see the reviews by Petho and Reeh, 339 Kawabata, 340 Noguchi and Okubo, 341 and Tsuda and colleagues 342 ). The evidence is especially strong for PGE2. Table 2 summarizes the underlying neurobiology of sensations that may underlie CLD. The contribution of these potential mechanisms to the sensation of discomfort may vary with the characteristics of the contact lens (material characteristics such as friction coefficient, charge, water content, and roughness and edge characteristics such as shape, thickness; care or packing solution; fitting relationship, and movement) and the ocular tissue affected.
TREATMENTS (NEUROBIOLOGICAL TARGETS)
A number of solutions have been proposed including changing the fit, design, or lubrication of contact lenses to address mechanical stimulation of the cornea, conjunctiva, and lids. Some silicone hydrogel lenses have a high coefficient of friction, which could create frictional wear 343, 344 and may stimulate surface mechanoreceptors, but the modulus of this lens type has decreased over time, so that lenses are more pliable. Reducing mechanical insult to the conjunctiva, as manifested by the development of conjunctival flaps and increased conjunctival staining, [344] [345] [346] may help improve comfort. The Contact Lens Materials, Design and Care Subcommittee (see this edition) reports that evidence to date suggests thin edges that minimize the transition between the conjunctiva and lens may be optimal in this regard. It is likely that future contact lens designs or rewetting drops will improve lubrication 347, 348 to minimize friction and stimulation of surface mechanoreceptors.
While the effects of care solution on lens-related comfort are equivocal in large-scale epidemiological studies, some basic principles would apply in limiting the potential for interactions between excipients or other features of the care system and polymodal nociceptors on the ocular surface. Certain combinations of lens and care systems have been associated with increased ocular symptoms, 288, 297 and switching symptomatic wearers to alternative combinations may be associated with symptomatic improvement. 298 Avoidance of in-eye solutions or carryover of care systems with high osmolarity or low pH may reduce stinging and discomfort. Consistent with this finding, hypo-osmolar drops show some benefit in lens comfort. 349 The use of daily disposable contact lenses avoids chronic exposure of the ocular surface to care solutions, 299 although there is daily exposure to the effects of the packing solution, which may include exposure to hyperosmolar solutions or to wetting agents.
Desiccation or dehydration remains an unproven but plausible cause of discomfort. Increasing the stability of the pre-contact lens tear film and limiting desiccation and tear breakup at the edge of the contact lens would appear to be rational strategies. Such approaches may involve lens material changes (e.g., incorporation of wetting agents into material polymers to prolong tear breakup time 350 and retard the tear evaporation rate 304 ).
A number of pharmacological agents have been used to control neuropathic pain. [351] [352] [353] These agents were initially developed for the treatment of epilepsy, and the mechanism of action of these agents is thought to be the alteration of neuronal excitability. 354 Altered excitability of corneal nerves seems to have a role in chronic corneal pain and may be a mediator of discomfort felt by contact lens wearers. Thus, agents that treat corneal neuropathic pain may have a role in treating CLD.
The c-aminobutyric acid analogues gabapentin and pengabalin have been used to limit abnormal ocular sensations, but at present only to reduce conditions that cause significant eye pain. [355] [356] [357] [358] While these antiepileptics may also have benefit for patients with more moderate forms of ocular discomfort, no data have yet been generated. Given that these agents are administered systemically and have significant potential adverse effects, the establishment of treatment guidelines for conditions such as CLD will need to be developed.
Nerve growth factor is a potent stimulator of axonal growth and regeneration. 359, 360 In the setting of neurotrophic keratitis, NGF has been shown to aid in the healing of persistent epithelial defects. 248, [361] [362] [363] [364] [365] [366] [367] [368] [369] [370] During nerve injury, release of NGF appears to increase neuronal excitability and lower pain threshold. 26, 371 In a number of pain models, anti-NGF antibodies have been demonstrated to effectively decrease neuropathic pain in the setting of inflammation. 372 As described above, alterations in corneal innervation are seen in DED and possibly in contact lens wear. Whether treatment with NGF to normalize nerve architecture would be of benefit to these patients is unclear. Alternatively, in patients with significant discomfort, anti-NGF therapy could treat the symptoms. Further studies will be needed to determine whether modulation of NGF signaling at the ocular surface could be a useful tool to treat CLD.
FUTURE DIRECTIONS FOR RESEARCH Pain/Discomfort Questionnaires
A number of questionnaires have been used to assess symptoms of dry eye and ocular discomfort among contact lens wearers. 177, 288, [373] [374] [375] [376] [377] [378] [379] [380] [381] Most were developed from a clinical perspective, listing common symptoms of ocular irritation associated with contact lens wear. Because the symptoms are ultimately derived from stimulation of a combination of corneal, conjunctival, and eyelid margin neurons, it may be helpful to design future questionnaires that take into account the neurobiological underpinnings of the symptoms. However, designing such a questionnaire to give meaningful information about the basic stimuli causing dry eye symptoms could be fraught with complications.
One potential problem is that it can be difficult to distinguish the nature of stimuli to the ocular surface. There are three basic groups of sensations (mechanical, chemical, and thermal) detected by ocular surface neurons. 9 However, a chemical stimulus can be interpreted as mechanical in origin, and mechanical and thermal stimuli may be confused with each other or identified as chemical. All three types can have an irritative component, 40, 43 so that it may be difficult to parse the typical symptoms of CLD into these categories.
In addition, most of the symptoms associated with contact lens dry eye, including discomfort, dryness, soreness, irritation, grittiness, and scratchiness, 379, 382 are not easily related to categories of mechanical, chemical, or thermal stimulation. These are often considered symptoms of ocular irritation and may arise from inflammation and/or chronic stimulation of surface nociceptors, resulting in hyperalgesia or alterations or damage to neurons over time. 55 Thus, future studies are needed to better understand the relationship between patient symptoms and sensations resulting from stimulation of various categories of neurons in contact lens wear.
Morphological and Functional Studies
There is likely relevance of the conjunctiva and lid margin in contact lens-related discomfort, with a relative paucity of morphological estimates of conjunctival and lid margin nerve density. This would appear to be an important area of future study whether attempted by classic histological staining methods and/or in vivo confocal microscopy.
Animal Models
Contact Lenses for Animal Models. The effective development of animal models of dry eye has been critical in our understanding of the disease, as well as the identification and testing of possible dry eye therapeutics. 383 Contact lenswearing animal models have been developed for the study of contact lens keratitis, 384, 385 cataract formation, 386, 387 and hypoxia, 388 with specific lens parameter requirements for rat 384, 389 and mouse 386 lenses, whereas some rabbit 387, 390 and guinea pig 385 studies have used human lenses. Manufacture of animal lenses is challenging, and some investigations have required tarsorrhaphy to aid lens retention. For studies of corneal neurobiology and CLD, the design and fitting characteristics of the lens will be important. Given the array of transgenic mouse models, as well as the panaply of methods to assess the ocular surface in murine models, the development of suitable contact lenses will be a major benefit to the contact lens research community.
Pain Models. The assessment of ocular pain in animal models is fraught with difficulty. Existing pain models have characterized the behavioral responses in murine and rabbit models when noxious stimuli are presented. These stimuli are often very intense and include chemical stimuli or mechanical trauma. The number of blinks in response to the stimulus or the wiping of the eye with a paw can be measured. [391] [392] [393] [394] [395] [396] [397] Responses to more modest challenges with ostensibly less intense stimuli are often difficult to reliably quantify. Additionally, most current pain models are for acute stimuli, although these may also be able to assess the effect of chronic stimuli. 150 Thus, most of the currently available models do not carefully examine discomfort or low-intensity pain, as would be common for contact lens wear. Moreover, the discomfort in contact lens wear is frequently chronic and develops over time.
The development of behavioral and electrophysiological measurements of more modest abnormal corneal sensations that are more chronic will be needed. Standardized and careful behavioral models using contact lenses (as described above) can allow for the elucidation of mechanisms of CLD, as well as a platform for testing treatments. Electrophysiology performed in contact lens models will help identify peripheral and central mechanisms responsible for CLD. Differences (if any) between CLD and dry eye can be examined, and treatments with potential benefit can be more rationally selected and tested.
Natural History or Chronicity of Discomfort
Discomfort in contact lens wear leading to temporary or permanent discontinuation of wear occurs over a time frame of many months or years. The limited information on disease onset and progression, as well as the lack of prospective clinical studies in contact lens wear, suggests that understanding of the basis for transition from acute to chronic ocular discomfort will require a greater emphasis on longitudinal studies at the clinical and preclinical levels.
The past decade has seen marked advances in elucidating the dynamic nature of pain and the mechanisms involved in its transition from an acute physiological and protective state to a persistent and often deleterious state (see the studies by Woolf and Salter 398 and by Basbaum and colleagues 68 ). Neurons at all levels of the neuroaxis involved in pain processing are subject to positive and negative modulatory influences, from the ion channels on sensory neurons that transduce peripheral signals to synaptic plasticity by higher-order neurons at cortical levels. To better define the mechanisms for the transition from acute to chronic sensory dysfunction in DED and in CLD, several issues need to be addressed.
Greater focus should be directed at understanding the mechanisms for the most frequently reported symptoms of discomfort such as dryness, grittiness, and itch, 382, 399 as well as to extend these observations for longer times and to couple these measurements with behavioral correlates of ocular sensation in future studies. Given the importance of tear or contact lens hyperosmolarity, it will be necessary to determine the properties of putative osmoreceptive channels and to understand how chronic exposure to hyperosmolarity and inflammation influences channel activity and alters ocular sensation. Interaction between TRPV1 and NGF, for example, is likely to have a significant role in initiating and/or maintaining sensitization of peripheral and central corneal nociceptive neurons to chemical and mechanical stimuli relevant in CLD. Activation of satellite glia in sensory ganglia 400, 401 and both microglia and astrocytes in the CNS 402 are critical in the mediation of persistent pain following nerve injury; however, it is not known if glial activation has a significant role in ocular surface discomfort. Future studies should consider glial activation as a possible mediator of the transition from acute to persistent symptoms in the development of different forms of ocular surface discomfort.
SUMMARY
The morphology of corneal nerves has been well studied, especially with the recent advent of in vivo techniques. However, less is known about the innervation of the conjunctival and eyelid tissues, which probably have a primary role in CLD. Current understanding of ocular surface sensation is likewise incomplete and especially so for these tissues. It is evident from the review presented above that learnings gained from research into dry eye inform much of the current knowledge of the neurobiology of CLD. This is particularly so with regard to postreceptor and central processing, which modulates ocular surface sensation and its relationship with subjectively experienced symptoms.
Aspects of the contact lens that generate CLD via neurobiological mechanisms include its physical interaction with the ocular surface, induction of hyperosmolarity, and the presence of chemical mediators in lens solutions and possibly those resulting from inflammation. Development of future treatments should target all of these facets with specifically designed contact lenses and solutions and treatments aimed at modulating peripheral and CNS response, in addition to classic and novel dry eye treatment.
The more subtle response of CLD compared with dry eye requires further development of sophisticated and sensitive measurement and analytical techniques at all stages along the discomfort pathway. These should include examination of physical and functional aspects of ocular surface nerves and neuroreceptors, changes in tear film biochemistry (e.g., assessment of concentration of neuropeptides), and development of improved questionnaires.
